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Several  9-substituted  derivatives  of  the  antimalarial  drug  artemisinin  have  been  prepared  by 
functionalizing  the  double  bond  of  artemisitene  and  related  compounds.  Stereochemical  assignments 
for  these  compounds  were  made  using  a  combination  of  NMR  experiments,  an  X-ray  diffraction 
study  of  one  compound,  and  chemical  correlations  of  several  other  compounds  with  this  one 


compoimd  of  imambiguous  structure  and  with 
wide  variation  in  in  vitro  antimalarial  activity. 

Artemismin,  1 ,  and  a  number  of  its  derivatives  are  under 
clinical  study  as  antimalarial  drugs  by  agencies  such  as 
the  World  Health  Organization  and  the  U.S.  Army  and  by 
other  groups  both  here  and  abroad.  Artemisinin  was 
first  isolated  in  China,  and  the  Chinese  and  others  have 
prepared  a  large  number  of  derivatives  of  this  sesquiter¬ 
pene  endoperoxide.  The  syntheses,  chemistry,  and  bio¬ 
logical  activity  of  1  and  related  compounds  have  recently 
been  reviewed.®-'*  Except  for  those  prepared  by  total 
synthesis  or  semisynthesis,  the  vast  majority  of  these 
derivatives  involves  variation  at  position  10,  the  only 
position  in  1  subject  to  straightforward  chemical  reaction 
without  degradation  of  the  peroxide  functionality.  A 
number  of  years  ago,  one  of  us  (N.A.)  isolated  a  closely 
related  sesquiterpene,  artemisitene,  2,  from  Artemisia 
annua,®  the  same  plant  that  produces  artemisinin.  This 
compound  was  available  in  only  very  small  amounts  until 
1990  when  El-Feraly  et  al.  reported  a  procedure  for 
converting  1  into  2  in  four  high-yield  steps.®  The  ready 
availability  of  artemisitene  has  led  us  to  synthesize  a 
number  of  artemisinin  and  related  derivatives  that  are 
functionalized  in  the  9  position.  All  syntheses  started  from 
either  artemisitene,  the  hydroperoxide  3,  which  is  the  last 
intermediate  in  the  artemisitene  synthesis,®  or  the  alcohol 
4  derived  from  3  using  a  variation  of  the  literature 
procedure.’ 

Compounds  5-17  were  synthesized  by  standard  proce¬ 
dures.  Table  I  summarizes  the  starting  materials  and 
reagents  used  and  the  melting  point  and  yield  of  each 
derivative.  All  derivativeswere  characterized  by  elemental 
analysis  and  ’H  NMR,  ’®C  NMR,  and  IR  spectroscopy. 
NMR  peak  assignments  were  made  using  COSY, 

CORR,  DEPT,  and  NOESY  experiments.  Table  n  is  a 
collection  of  ‘®C  NMR  data  for  these  compoimds  and,  for 
comparison,  of  artemismin®  and  artemisitene.  Table  m 
summarizes  the  ’H  NMR  peaks  at  positions  8-12  for  each 
compound.  The  ’H  NMR  resonances  of  the  remaining 
protons  are  alm(»t  identical  with  those  of  artemisinin.  It 
is  noteworthy  that  attempted  silica  gel  chromatography 
lowered  the  yields  of  some  of  the  products.  This  was  the 
case  for  8,  11,  and  12.  Attempted  epoxidations  of 
compounds  2-4  with  a  variety  of  standard  epoxidizing 
reagents  were  unsuccessful,  but  the  relatively  new  reagent 
dimethyldioxirane,  isolated  in  acetone,  epoxidized  each 
in  reasonably  good  yield.  Mixtures  of  a  and  /3  epoxides 
were  obtained  from  2  and  3,  but  4  gave  a  single  epoxide. 
As  with  other  dihydroartemisinin  derivatives,  however, 
epoxide  17  epimerizes  in  solution  at  position  1C.  This  is 
ako  the  case  for  compound  9. 


its  epimer.  The  compounds  synthesized  show  a 


Chart  I.  Structures  of  Artemisinin  and  Some  Previously 
Reported  Derivatives 


o 


20 

Stereochemical  assignments  at  position  9  are  based  on 
NOESY  NMR  experiments.  Significant  cross  peaks  are 
summarized  in  the  Experimental  Section.  In  addition, 
epoxide  14  was  obtained  as  single  crystals  upon  recrys- 
tallizationfromCH2Q2/ether.  TheX-raycrystalstructure 
of  14  conrirms  the  configuration  of  the  epoxide  where  the 
epoxide  oxygen  points  toward  the  p>erozide  moiety  (Figure 
1).®  Although  two  molecules  of  differing  conformation 
crystallized  in  the  asymmetric  unit,  the  conformation  of 
the  two  molecules  is  almost  identical,  except  for  the  twist 
of  the  boat-shaped  04-Cl(>-C9-C88-Cl2a-Cl2  ring  and 
the  epoxide  group.  This  is  exemplified  by  the  torsion 
angles  Cl2a-C8a--C9-C10  equal  to  -29.0(0.8)®  and  -36.4- 
(0.9)®  and  06-0^10-04  equal  to  -146.2(0.6)®  and 
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Table  I.  Reaction  Conditions,  Melting  Points,  and  Yields 


product 

starting 

material 

reagents,  condns 

mp 

(•C.  d®c> 

•'e 

yield 

5 

2 

Xs  CHzNj,  24  h,  rt 

138-139 

75 

fi 

5 

145  “C/25  min 

161-164 

52 

7 

5 

hr,  1  h,  ca.  0  “C 

174-176 

35 

8 

2 

03.-78  “C,  then  MejS,  rt 

174-176 

73 

9 

8 

BH3.  THF,  rt 

153-156 

63 

10 

8 

HiNNHC^CHa,  MeOH,  reflui  30  min 

162-165 

60 

11 

2 

NBS,  hr.  2  days 

129-130 

12 

12 

2 

cat  OsO*,  NMO.  aq  acetone,  rt,  ca.  36  b 

136-137 

90 

13 

2 

dimetbyldiozirane,  rt  overnight  separated 
from  14  by  silica  gel  chromatography 

180-181 

33 

U 

2 

dimethyldioxirane,  rt  overnight  separated 
from  13  by  silica  gel  chromatography 

171-173 

38 

IS 

3 

dimethyldioxirane  rt,  overnight  separated 
from  16  by  silica  gel  chromatography 

140 

17 

16 

3 

dimethyldioxirane,  rt  overnight  separated 
from  IS  by  silica  gel  chromatography 

144-145 

38 

17 

13 

14 

17 

13 

4 

15 

16 

16 

12 

dimethyldioxirane,  rt  overnight 

AcjO,  pyridine 

AcjO,  pyridine 
(EtOlsP 

TsCl/pyr,  rt  then  NaH,  cat  imidazole,  THF 

152-154 

53 

Table  II.  Carbon  NMR  Shifts  for  Artemisinin  Derivatives 


C-atom 

mm 

2 

5 

6 

7 

8 

9* 

10 

11 

12 

13 

14 

IS 

1$ 

17' 

10  s 

171.9 

162.7 

166.7 

162.2 

172.3 

187.8 

97.4,  91.1  d 

130.2 

166.7 

173.3 

166,9 

166.7 

105.7  d 

106.7  d 

97.0. 88.4  d 

33 

105.2 

105.4 

105.6 

105.2 

105.4 

106.0 

104.5. 104.3 

105.9 

105.6 

105.5 

105.7 

105.6 

104.8 

104.9 

104.6, 104.3 

12  d 

93.6 

93.5 

94.3 

92.7 

93.7 

94.3 

91.1, 87.7 

94.2 

94.8 

94.6 

94.0 

94.3 

88.4 

88.4 

92.2, 88.1 

12a  s 

79.4 

79.4 

79.9 

79.9 

80.1 

81.5 

82.2. 81.5 

79.9 

81.9 

80.9 

81.2 

79.8 

82.2 

80.2 

80.7. 80.6 

Sad 

49.9 

50.1 

50.4 

50.1 

50.3 

50.1 

5il,51.3 

50.0 

50.9 

50.5 

50.2 

49.9 

52.1 

51,7 

51.9,  51.3 

Sad 

44.8 

46.1 

50.6 

48.6 

47.1 

52.2 

45.8, 45.2 

46.9 

46.1 

46.1 

45.2 

45.4 

45.7 

45.8 

46.42.  46.39 

6d 

37.4 

37.7 

37.4 

37.8 

37.7 

37.6 

37.2,37.1 

37.7 

37.4 

37.6 

37,6 

37.5 

37.4 

37.3 

37.23.37.16 

4t 

35.8 

35.9 

35.8 

16.0 

35.9 

35.6 

36.4. 36.2 

35.7 

35.8 

35.8 

35.7 

35.7 

36.2 

36.1 

36.26, 36.15 

7t 

33.5 

33.7 

33.6 

33.8 

33.8 

33.1 

34.3. 33.7 

33.3 

34.2 

33.4 

33.0 

33.4 

33.5 

33,7 

34.0, 33.6 

5t 

24.8 

24.6 

24.8 

24.7 

24.9 

24.1 

24.4, 24.3 

24.5 

24.4 

24.6 

24.8* 

24.5 

24.3 

24.6 

24.5, 24.4 

3*CHji  Q 

25.1 

25.4 

25.1 

25.4 

25.3 

25.4 

26.0,  25.9 

25.3 

25.5 

25.0 

25.2 

25.3 

25.8 

25.8 

25.9. 25.9 

8t 

23.3 

31.6 

26.0 

31.8 

28.2 

25.9 

27.3  26.3 

30.0 

32.7 

24.0 

24.6“ 

26.8 

25.4 

26.3 

24.7. 26.4 

9 

32.8  d 

135.0  s 

92.9  s 

126.0  s 

21.0  s 

153.5  s 

71.5,71.0 

157.9  s 

64.0  s 

73.6  s 

53.4  s 

52.8  s 

55.6  s 

54.7  8 

57.7. 56.5 

e-CHjq 

9a 

9b 

19.7 
12.5  q 

19.8 
130.3 1 

19.7 
34.2 1 

78.5 1 

19.8 

146.6  d  9a 

16.4  q  dtt-CHj 

19.8 

12.3 1 9a 
23.7 1 9b 

19.5 

20.2. 20.1 

19.7  19.8 

17.6qSCHj  45.4 1 

19.8 
69.3 1 

19.7 

57.lt 

19.7 

50.lt 

20.1 
55.7  t 

20.0 
47.0 1 

20.1,  20.1 
46.9,46.7 

■  Reference  8.  Underlined  peaks  belong  to  the  major  anomer  resulting  after  equilibration  in  CDCls- '  Underlined  peaks  beltmg  to  the 
initially  formed  major  anomer. 


-136.4(0.6)®  for  molecules  A  and  B,  respectively.  The 
overall  conformation  of  the  fused  ring  systems  in  14  is 
similar  to  the  crystalline  conformation  of  the  artemisinin 
derivative  0-bromo- 1 0-deoxy-  (2-pyridylamino)artemisinin 
whose  structure  determination  connrmed  the  absolute 
connguration  of  the  artemisinin  family  of  compounds. 
With  this  one  structure  unambiguously  determined,  the 
chemical  interconversions  summarized  in  the  last  four 
entries  in  Table  1  secure  the  stereochemistry  of  compounds 
12,  13,  15,  16,  and  17.  Thus,  treatment  of  diol  12  with 
p-toluenesulfonyl  chloride  afforded  a  monotosylate,  which 
on  treatment  with  sodium  hydride  gave  epoxide  13. 
Treatment  of  hydroperoxides  15  and  16  with  acetic 
anhydride  and  pyridine  afforded  epoxides  13  and  14, 
respectively.  Treatment  of  hydroperoxide  1 6  with  triethyl 
phosphite  gave  acetal  17. 

Discassion 

That  the  suostitution  and  stereochemistry  at  position 
9  has  an  impact  on  antimalarial  activity  was  evident  to  us 
in  1987  when  one  of  us  (N.A.)  reported  the  synthesis  and 
biological  activities  of  9-ept-artemisinin,  18,  9-bromoar- 
temisinin,  19,  and  isoartemisitene,  20.^'  Compounds  19 
and  20  were  approximately  10  times  less  active  than 
artemisinin,  and  18  was  50  %  as  effective  as  1  in  an  in  vitro 


antimalarial  screen.  Avery  and  co-workers  prepared  6,9- 
desmethylartemisinin  by  total  synthesis  in  1989,  and  they 
reported  that  this  compound  “displayed  significant  an¬ 
timalarial  activity  against  resistant  strains  of  P.  faki- 
paruirrM  In  1991,  Lin  et  aL  reported  a  5-6-fold  difference 
in  antimalarial  activity  for  a  pair  of  9a-  and  9/?-hy- 
droxyartemisinin  derivatives.^® 

Table  IV  gives  the  in  vitro  antimalarial  activities  of 
these  new  compounds  as  well  as  of  2-4.  Activity  is  reported 
in  ng/mL  and  is  also  listed  in  nmol/mL  relative  to  the 
activity  of  artemisinin.  These  compounds  were  tested 
against  ciones  of  human  malaria,  P.  falciparum  I>-6  (Sierra 
Leone  clone)  and  W-2  (Indochina  clone).  The  D-6  clone 
is  a  strain  that  is  resistant  to  mefloquine,  and  the  W-2 
clone  is  resistant  to  chloroquine,  pyrimethamine,  sulfa- 
doxine,  and  quinine.  All  but  two  of  the  new  derivatives 
showed  some  activity  in  these  assays.  As  is  true  for 
artemisinin  itself,  the  active  compounds  do  not  show  cross¬ 
resistance  with  mefloquine-  or  cloroquine-sensitive  clones. 
It  was  reported  earlier  that  2  is  somewhat  less  active  than 
I.**  Replacingthelactonecarbonylof2withahydrtq)ero::Qr 
group  (compound  3)  appears  to  have  little  effect  Although 
conversion  of  artemisinin  into  the  hemiacetal  dih3rdroar- 
temisinin  is  known  to  enhance  activity,®  compound  4  shows 
very  poor  activity.  This  result  reproduced  in  repeated 


TabW  III.  PiotaHi  NMR  Shifti  for  Artamitinin  Derivativas  (I  in  ppm) 
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Figure  1.  Stereothermal  ellipsoid  plot  of  1 4  at  50%  probability 
level  drawn  from  the  experimental  coordinates  of  molecule  A. 


Chart  II.  New  Artemisinin  Derivatives 
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assays,  is  presumed  to  be  an  artifact  related  to  the  known 
very  facile  conversion  of  4  into  an  aldehyde  peroxide 
derivative.'^  Among  the  other  derivatives,  there  is  con¬ 
siderable  variation  in  activity.  Addition  of  extremely  large 
groups  (compounds  5, 10,  and  1 1)  appears  to  significantly 
reduce  activity.  Addition  of  a  one-carbon  extension  at 
position  9  as  in  compounds  6  and  7  has  little  effect  on 
activity,  although  6  appears  to  be  marginally  better  tiun 
7  or  2.  Replacing  the  group  with  a  carbonyl  as  in 

compound  8  results  in  a  precipitous  drop  in  activity.  The 
activity  is  restored  by  reducing  8  to  the  hydroxy  hemiaoetal 
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Table  IV.  In  Vitro  Antimalarial  Activity  of  Artemisinin 
Derivatives  against  Plasmodium  falciparum 


compd 

ICso  in  ng/mL  (IC50  mnol/mL  relative  to  IC50  for  1) 

Sierra  Leone  clone  (D-6) 

Indochina  clone  (W-2) 

1 

1.89  (1) 

0.95  (1) 

2 

5.30  (2.8) 

7.44  (7.8) 

3 

4.08  (2.0) 

8.12  (8.0) 

4 

119  (63) 

232 (242) 

5 

604(280) 

447  (408) 

6 

2.1  (1.1) 

2.3  (2.3) 

7 

10.0  (5.2) 

8-6  (8.6) 

8 

319  (169) 

278  (290) 

9 

7.3  (3.8) 

7.4  (7.6) 

10 

78S  (305) 

564(429) 

11 

77  (26) 

67(44) 

12 

NA° 

NA» 

13 

96(48) 

124(123) 

14 

NA° 

NA“ 

15 

2.8  (1.3) 

4.5  (4.2) 

16 

2.0  (0.9) 

4.0  (3.7) 

17 

1.8  (0.9) 

3.4  (3.4) 

“  Not  active  up  to  5000  ng/mL. 


9.  Diol  12  has  no  discernable  activity  up  to  5000  ng/mL. 
It  has  been  suggested  that  increased  polarity  and  increased 
water  solubility  is  associated  with  decreased  antimalarial 
activity, yet  artesunate,  the  water-soluble  auccinic  acid 
half  ester  of  dihydroartemisinin  is  very  active.^-^  Perhaps 
the  most  perplexing  results  are  those  for  the  epoxides  13- 
17.  Epoxide  13  with  the  epoxy  oxygen  in  the  0  position 
has  rather  poor  activity,  whereas  its  a  isomer  14  has  none 
whatever.  On  the  other  hand,  the  hydroperoxide  analogs 
1 5  and  16  of  each  of  these  compounds  have  high  activity, 
close  to  that  of  artemisinin  itself.  Ignoring  for  the  moment 
the  fact  that  exchanging  the  lactone  in  2  for  the  hydro- 
peroxy  group  in  3  has  no  effect  (vide  supra),  it  is  at  first 
tempting  to  ascribe  the  resurrected  activity  of  15  and  16 
to  the  oxidizing  properties  of  the  hydroperoxide  func¬ 
tionality.^®  However,  this  cannot  be  the  explanation 
because  converting  the  hydroperoxide  16  into  the  lactol 
17  results  in  a  compound  with  identical  activity. 

Although  it  is  difficult  to  find  a  unifying  explanation 
for  these  in  vitro  assays,  perhaps  an  important  message 
is  that  lack  of  activity  in  a  parent  compound  need  not 
consign  derivatives  of  that  compound  to  the  dustbin  of 
chemistry  since  changing  the  hybridization  at  position  10 
can  convert  compounds  with  little  or  no  discernable  activity 
into  derivatives  with  quite  respectable  antimalari£d  be¬ 
havior. 

Experimental  Section 

’H  (300  MHz)  and  (75  MHz)  NMR  spectra  were  measured 
in  CDCls  on  a  Broker  AC-F  300  spectrometer.  All  IR  spectra 
were  determined  in  KBr  and  are  reported  in  cm~‘.  Melting  points 
are  uncorrected.  Compounds  2  and  3  were  synthesized  from  1 
according  to  the  literature  procedure.®  Alcohol  4  was  prepared 
from  3  using  a  variation  of  the  literature  procedure.'’ 

Dihydroartemisitene,  4.  A  solution  of  triethyl  phosphite 
(360  mg,  2.2  mmol)  in  0.5  mL  of  benzene  was  added  during  1-2 
min  to  a  solution  of  hydroperoxide  3  (550  mg  1.9  mmol)  in  5  mL 
of  benzene  (exothermic) .  After  an  additional  3-5  min,  the  mixture 
was  diluted  with  2-3  mL  of  hexane  and  cooled  briefly  in  ice  and 
the  flocculent  crystalline  product  (340  mg)  collected  and  washed 
with  hexane.  By  concentrating  the  filtrate  and  then  diluting 
with  hexane,  an  additional  54  mg  of  material  was  obtained  for 
a  total  yield  of  75% ,  mp  126-127.5  "C  (lif'  120-121  "C).  This 
material  was  identical  with  that  produced  using  polymer-bound 
triphenylphosphine  as  described  in  the  literature.’  The  triethyl 
phosphite  reaction  is  faster  and  cheaper  and  gives  a  cleaner 
product,  especially  when  the  reaction  is  carried  out  on  a  >100- 
mg  scale. 
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Diazomethane  Adduct  of  2,  5.  A  large  exce^  of  diaz¬ 
omethane  (ca.  7  mmol)  in  20  mL  of  ether  was  added  to  an  ice- 
cooled  suspension  of  2  (208  mg,  0.74  mmol)  in  10  mL  of  ether. 
After  the  mixture  was  stirred  at  room  temperature  for  24  b,  solvent 
was  removed,  and  the  residue  was  recrystallized  from  CHiClj/ 
ether/ petroleum  ether  to  afford  180  mg  (75% )  of  product,  mp 
133-139  “C  dec.  Anal.  (CisHaOjNa)  C,  H,  N.  IR:  1725  (C=0). 
•H  NMR,  Table  III.  The  stereochemical  assignment  at  position 
9  is  based  on  the  downfield  shift  of  8a.  H-9a'  is  assigned  as 
shown  because  of  an  NOE  with  H-8a.  H-9a  is  downfield  relative 
to  9a'  because  it  is  in  the  deshielding  cone  of  the  carbonyl.  H-9b 
and  H-9b'  are  assigned  by  an  NOE  between  9a  and  9b  and  between 
9a'  and  9b'. 

9-DesmethyI-9-ethylideneartemisinin, 6.  Azo derivative 5 
(150  mg,  0.46  mmol)  in  5  mL  of  1,1,2,2-tetrachioroethane  was 
heated  at  145  “C  for  25  min  in  a  sealed  evacuated  tube.  After 
removal  of  solvent,  flash  chromau^aphy  on  silica  gel  (CHjCb) 
afforded  70  mg  (52  % )  of  6,  mp  161-164  ®C  and  30  mg  of  compound 
7,  6:  Anal.  (CjeHzsOs)  C,  H.  IR;  1714  (C=0),  1637  (0=C). ‘H 
NMR,  Table  III.  The  stereochemistry  at  9a  is  assigned  because 
of  an  NOE  between  the  olefinic  H-9a  and  H-8a. 

9'-De8iiiethylspiro[cyclopropane-l,9'-arteziiisinin],7.  Azo 
derivative  5  (160  mg,  0.5  mmol)  was  dissolved  in  10  mL  of 
methanol  and  1  mL  of  CHjCL  in  a  sealed  Pyrei  tube.  The  ice- 
cooled  solution  was  irradiated  for  I  h  with  a  medium-pressure 
Hanovia  mercury  lamp.  After  removal  of  solvent,  flash  chro¬ 
matography  (silica  gel,  2:1  hexane/ethyl  acetate)  afforded  51  mg 
(35%)  of  7,  mp  174-176  “C  dec.  Anal.  (Ci&HzjOj)  C.  H.  IR; 
1724  (0=0).  'H  NMR,  Table  III.  Assignments  of  9a  and  9b 
protons  are  based  on  an  apparent  NOE  between  H-9b  and  H-8a. 

S-Desmethyl-S-oxoartemisinin,  8.  Ozone  was  passed  for  4 
min  through  a  dry  ice-acetone-cooled  solution  of  2  (1.00  g,  3.6 
mmol)  in  20  mL  of  CHjCb.  After  standing  for  10  min  at  -78  °C, 
the  solution  was  purged  with  nitrc^en.  Dimethyl  sulfide  (2  mL) 
was  added  and  the  solution  let  stand  at  room  temperature  for 
45  min.  After  removal  of  solvent,  the  residual  orange-brown  oil 
was  kept  overnight  at  0.1  mm.  'The  resulting  solid  was  taken  up 
in  CHaClj,  clarified  with  charcoal,  and  filtered  throtigh  Celite. 
After  concentration,  dilution  wdth  ether  and  then  petroleum  ether 
afforded  734  mg  (73% )  of  white  crystalline  product,  mp  174-176 
*C  dec.  Attempted  chromatography  of  this  compound  led  to 
extensive  loss  of  material.  Anal.  (Ci^figOe)  C,H.  IR;  1754  and 
1747  (OO’s). 

9-Desmethyi-9-hydroxydihydroartenu8iiuit,  9.  Excess  dib- 
orane  in  THF  (2  mL  of  a  1  M  solution)  was  added  by  syringe  to 
a  solution  of  keto  lactone  8  (125  mg,  0.44  mmol)  in  4  mL  of  THF. 
After  1  h  at  room  temperature,  the  reaction  was  quenched  by 
addition  of  2  mL  of  water.  The  clear  solution  was  stirred  for  1 
h,  and  then  most  of  the  solvents  were  evaporated.  'The  residue 
was  taken  up  in  ethyl  acetate  and  the  organic  layer  washed  twice 
with  brine.  'The  aqueous  layer  was  extracted  once  with  ethyl 
acetate.  The  combined  organic  extract  was  dried  (MgS04)  and 
filtered,  and  the  solvent  was  evaporated.  The  residual  oil 
solidified  on  standing.  It  was  flash  chromatographed  on  silica 
gel  (1:1  hexane/ethyl  acetate)  to  yield  80  mg  (63%)  of  9,  mp 
153-156  'C  dec.  Anal.  (C„H220«)  C.  H.  IR:  3378  (OH)  and  no 
0=0.  From  the  'H  NMR,  this  appears  initially  to  be  a  ca.  1:1 
anomeric mixture  at  H- 10  which,  on  standing  in  CDCL,  undergoes 
equilibration  to  give  a  major  anomer  (ca.  5:1).  Peaks  listed  in 
Table  III  are  of  the  major  constituent  of  the  equilibrated  mixture. 
The  underlined  resonances  in  Table  II  are  the  NMR 
adsorptions  of  this  major  constituent.  From  the  HETCORR 
NMR,  it  is  apparent  the  C-10  and  C-12  are  superimposed.  The 
stereochemsitry  at  position  10  is  based  on  a  cross  peak  in  the 
NOESY  spectrum  between  H-12  OJ)  and  H-10.  'The  stereo¬ 
chemistry  at  position  9  is  based  on  a  small  NOESY  cross  peak 
between  H-10  and  H-9. 

Methyl  Hydrazinocarbodithioate  Adduct  of  9-Desmethyl- 
S-oxoartemisinin,  10.  Methyl  hydrazinocarbodithioate  (60  mg, 
0.5  mmol)  was  dissolved  in  2.5  mL  of  warm  methanol.  Keto 
lactone  9  (140  mg,  0.5  mmol)  was  added  and  the  yellow  solution 
warmed  to  reflux  for  30  min.  Yellow  crystalline  product 
precipitated  from  the  hot  solution.  After  cooling,  the  product 
was  collected  and  washed  with  cold  methanol,  114  mg  (60% ),  mp 
162-165  "C  dec.  Anal.  (CisHjsNzOsS,)  C,  H,  N,  S.  IR;  1693  m 
(C“N),  3400  (OH). 
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9,9a-Dibromoartei]usiiiin,  11.  A  sealed  tube  containing 
artemisitene  (140  mg,  0.5  mmol)  and  iV-bromosuccinimide  (3(X) 
mg,  1.7  mmol)  in  8  mL  of  CH2CI2  was  irradiated  at  ambient 
temperature  with  a  Westinghouse  street  lamp  for  a  total  of  16.5 
h  over  2  days.  After  filtration  and  removal  of  solvent,  the  crude 
product  was  flash  chromatographed  twice  on  silica  gel  (2: 1  hesane/ 
ethyl  acetate)  and  then  recryst^zed  from  ether/ petroleum  ether 
toyield27  mg  (12% )  of  11,  mp  129-130  “C  dec.  A  considerable 
amount  of  this  product  is  lost  on  silica  gel  chromatography.  Anal. 
(CisHjoOsBtj)  C,  H,  Br.  IR:  1742  (C=0).  ‘H  NMR:  The 
stereochemistry  shown  was  assigned  on  the  basis  of  a  small 
NOESY  cross  peak  between  H-8a  at  2.36  and  H-9a'  at  4.07. 

9,9a-Dihydrozyartemisinin,  12.  A  solution  of  artemisitene 
(280  mg,  1.0  mmol)  in  4  mL  of  acetone  was  added  to  a  solution 
of  NMO  (180  mg,  1.5  mmol)  and  OsO*  (1  mL  of  a  solution  prepared 
from  1  g  of  OSO4  +  a  trace  of  fert-butyl  hydroperoxide  in  50  mL 
of  2-methyl-2-propanoi)  in  2  mL  of  acetone  +  3  mL  of  water. 
After  the  solution  was  stirred  overnight,  reductive  electrochemical 
liquid  chromatography*®  (ECLC)  still  showed  the  presence  of 
string  material.  Aa  additional  0.5  mL  of  the  OsO^  solution  was 
added  and  stirring  continued  for  24  h  when  no  starting  material 
remained.  Solid  NaHSOj  (620  mg)  was  added.  The  mixture 
was  stirred  for  10  min,  and  the  acetone  then  evaporated.  The 
residue  was  diluted  with  ethyl  acetate  and  water,  and  the  aqueous 
layer  was  extracted  once  with  ethyl  acetate.  The  combined 
organic  extract  was  washed  twice  with  brine  and  dried  (MgS04), 
and  the  solvent  was  removed.  After  the  extract  was  triturated 
and  washed  with  ether,  crystalline  12  (281  mg,  90%)  was  obtained, 
mp  136-137  “C  dec.  Anal.  (C15H22O7)  C,  H.  IR:  1741  (C=0), 
3436  (OH).  *H  NMR;  The  stereochemistry  at  C-9  is  based  on 
a  NOESY  cross  peak  between  H-8a  at  2.03  and  H-9a'  at  3.69  ppm 
and  conversion  to  13,  below. 

Epoxyartemisitene  laomera,  13  and  14,  Artemisitene  (200 
mg,  0.71  mmol)  was  added  to  a  solution  of  excess  dimethyldiox- 
irane  in  ca.  20  mL  of  acetone  which  was  prepared  from  50  g  of 
Oxone  according  to  a  literature  procedure.*’  After  the  solution 
was  stirred  overnight  at  room  temperature,  solvent  was  removed, 
and  the  residue  was  flash  chromaU^aphed  on  silica  gel  (2:1 
hexane/ethyl  acetate).  Epoxide  13  (70  mg)  eluted  first,  followed 
by  14  (80  mg).  Ekich  was  recrystallized  from  CH2Cl2/ether/ 
petroleum  ether.  13:  mp  180-181  ®C  dec.  -Anal.  (CijHaoOe)  C, 
H.  IR:  1747  (0=0).  *H  NMR;  There  is  a  NOESY  cross  peak 
between  H-8a  at  1.65  and  H-9a'  at  2.84  ppm.  14:  mp  171-173 
•Cdec.  Anal.  (CisHjoOe)  C,  H.  IR;  1748, 1754  (spUt  C=0).  *H 
NMR:  There  is  a  NOESY  cross  peak  between  H-8a  at  1.79  and 
H-9a'  at  2.8  ppm.  There  is  also  a  NOESY  cross  petik  between 
9a'  and  80  and/or  8a. 

X-ray  Analysis  of  Epoxide  14.  CisHwO®,  molecular  weight 
=  296.3,  clear  colorless  prism  (0.3  x  0.35  X  0.4),  monoclinic,  space 
group  P2i,  a  =  10.601(2)  A,  6  =  10.837(2)  A,  c  =  12.777(3)  A,  0 
=  101.30(3)®,  dajx  =  1.367  mg  mm"®,  Z  =  4,  m  =  0.885  mm"*,  2060 
independent  reflections  were  measured  out  to  2g —  =  114®  with 
aSiemensP4diffractometerusingCuKaradiation(X  =  1.541  78 
A)  with  a  graphite  monchromoter  in  the  incident  beam.  The 
data  were  collected  at  room  temperature  by  using  the  w  scan 
technique  with  a  variable  scam  rate  ranging  from  4®/mm  minimum 
to  30°/min  maximum,  depending  upon  the  intensity  of  the 
reflection.  Data  were  corrected  for  Lorentz  and  polarization 
effects.  No  absorption  correction  was  applied.  The  structure 
was  solved  by  direct  methods*®  as  implemented  by  the  SHELXTL 
PLUS  system  of  programs*®.  Full-matrix  least-squares  refine¬ 
ment  on  378  parameters  (coordinates  and  anisotropic  thermal 
parameters  for  non-hydrogen  atoms)  using  the  1904  reflections 
for  which  jFoi  >  4(r(Fo).  The  C-H  distances  were  fixed  at  0.96  A 
and  placed  in  idealized  positions.  The  final  R  factors  for  the 
configuration  were  R  =  4.81%  and  R,  =  5.37%.  The  goodness 
of  fit  parameter  was  1.05,  and  the  final  difference  map  was 
featureless. 

Epozydihydroperoxyartenusitene  Isomers  15  and  16. 
Hydroperoxide  3  (250  mg  0.64  mmol)  was  added  to  a  solution  of 
exixss  dimethyldioxirane  in  acetone  prepared  from  50  g  of 
Oxone.*’  After  the  solution  was  stirred  overnight  at  room 
temperature,  removal  of  solvent  and  flash  chromatography  (2:1 
hexane/ethyl  acetate)  afforded  40  mg  of  recovered  starting 
material,  46  mg  of  15,  and  100  mg  of  16.  Each  epoxide  was 
recrystallized  from  CHjCli/ ether/ petroleum  ether.  15;  mp  140 
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®C  dec.  Anal.  (CijHszO,)  C,  K.  IR:  3380,  3230  (OOHj.  *H 
NMR;  stereochemistry  at  C-10  is  based  on  NOESY  cross  peaks 
between  the  hydroperoxy  hydrogen  at  C-10  and  H-10  as  well  as 
H-12/3.  The  stereochemistry  at  C-9  is  based  on  a  NOE  between 
H-9a'  at  2.79  ppm  and  H-8a  and  between  H- 10  and  H-Saat  3.02 
ppm.  16;  mp  144-145  °C  dec.  Repeated  combustion  analysis 
gives  a  low  carbon  value.  However,  the  compound  analyzes  for 
CisHsjOi.O.S  H2O.  IR:  3447  (OOH).  ‘H  NMR:  There  are 
NOEISY  cross  peaks  between  the  hydroperoxide  H  and  70 
supporting  the  stereochemistry  shown  at  position  10.  There  is 
a  NOESY  cross  peak  between  H- 10  at  4.96  and  H-9a  at  2.85  ppm. 

Epoxydihydroartemisitene,  17.  Alcohol  4  (100  mg,  0.35 
mmol)  was  added  to  an  acetone  solution  of  excess  dimethyl¬ 
dioxirane  generated  from  25  g  of  Oxone.*’  After  the  solution  was 
stirred  overnight  at  room  temperature,  solvent  was  removed, 
and  the  residue  was  flash  chromatographed  on  silica  gel  (1:1 
hexane/ethyl  acetate)  to  yield  55  mg  (53% )  of  epoxy  alcohol  17, 
mp  152-154  ®C  dec,  after  recrystaliization  from  CHjCli/ether' 
petroleum  ether.  Anal.  (CisH^zOe)  C,  H.  IR:  3370  (OH). 

Conversion  of  15  into  13.  Hydroperoxide  15(7  mg)  was  added 
to  a  mixture  of  AC2O  (50  fiL)  and  pyridine  (2.5  uL).  After  being 
stirred  for  1  h  at  room  temperature,  the  mixture  was  diluted  with 
ether  and  water.  The  aqueous  layer  was  extracted  twice  with 
ether,  and  the  combined  extract  was  wasL.-u  with  water  (three 
times)  and  then  brine.  After  drying  (MgSOit,  ;?’•  ert  was 
removed.  The  residual  material  was  identified  as  epoxy  den  vau  vc 
13  by  *H  NMR  and  by  ECLC*®  retention  time. 

Conversion  of  16  into  14.  Hydroperoxide  16  (8.3  mg)  was 
treated  with  AC2O  and  pyridine  as  above.  *H  NMR  and  ECLC 
identified  the  product  as  14. 

Conversion  of  16  into  17.  Epoxy  hydroperoxide  16  (10.4  mg, 
0.033  mmol)  was  taken  up  in  0.5  mL  of  benzene.  Triethyl 
phosphite  (8  nL,  0.05  mmol)  was  added .  After  7  min,  the  mixture 
was  diluted  with  hexane.  The  supernatant  liquid  was  withdrawn, 
and  the  residue  was  washed  twice  with  hexane.  After  drying 
under  vacuum,  *H  NMR  of  the  product  showed  a  1:1  mixture  of 
anomers  corresponding  to  compound  17,  indicafng  that  16  and 
17  have  the  same  stereochemistry  at  position  9 

Conversion  of  12  into  13.  Diol  12  (25  mg.  O.08  mmol)  was 
dissolved  in  200 mL  of  pyridine.  Tosyl  chloride  ( 16  mg,  0.08  mmol) 
was  added  and  the  mixture  left  at  room  temperature  for  6  h.  An 
additional  20  mg  of  TsCl  was  then  added  and  the  reaction  mixture 
left  in  a  freezer  for  3  days.  Several  pieces  of  ice  were  added  to 
the  flask,  and  the  product  was  crystallized  from  the  aqueous 
mixture.  The  supernatant  liquid  was  removed,  and  the  residue 
was  washed  three  times  with  water.  After  drying  over  P206  under 
vacuum,  28  mg  of  monotosylate  was  obtained.  *H  NMR;  7.79 
d  and  7.30  d  («/  =  8  Hz,  Ar);  5.85  s  (H-12);  4.50  and  4.31,  AB  q 
(J  =  10.5  Hz,  9a,  9a');  2.43  s  (tosyl  CH3);  1.37  s  O-CHa);  0.97  d 
(J  =  5.5  Hz,  6-CH3). 

TheabovetosylatewasdissolvedinlmLofTHF.  Aftercooling 
in  ice,  3  mg  of  imidazole  was  added,  followed  by  ca.  5  mg  of  NaH 
(80%  dispersion  in  oil).  The  yellow  mixture  was  stirred  at  0  ®C 
for  30  min  and  then  quenched  with  a  few  drops  of  glacial  HOAc. 
The  mixture  was  diluted  with  water  and  ether.  The  aqueous 
layer  was  extracted  twice  with  ether,  and  the  ether  extract  was 
then  washed  once  with  brine.  After  drying  over  MgS04  and  flash 
chromatography  on  silica  gel  (2:1  hexane/ethyl  acetate),  epoxide 
13  was  obtained  as  a  crystalline  solid  and  was  identified  by  its 
ECLC  retention  time  and  by  *H  and  *®C  NMR. 

In  Vitro  Antimalarial  Studies.  The  in  vitro  assays  were 
conducted  by  using  a  modification  of  the  semiautomated 
microdilution  technique  of  Desjardins  et  al.*  and  Milhous  et 
al.’*  as  previously  described.*®  Initial  concentrations  of  test 
compounds  were  5000  ng/mL. 

Acknowledgment.  Starks  Associates,  Inc.,  Buffalo, 
NY,  synthesized  multigram  quantities  of  compounds  2 
and  3  under  Contract  DAMD17-89-C-9058. 

Supplementary  Material  Available:  Tables  of  atomic 
coordinates,  bond  lengths,  bond  angles,  anisotropic  displacement 
coefficients,  and  H-atom  coordinates  for  compound  14  and  a 
table  of  'H-NMR  data  including  coupling  constants  for  com¬ 
pounds  1, 2,  and  5-17  (8  pages).  Ordering  information  is  given 
on  any  current  masthead  page.  Tables  of  atomic  coordinates 
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and  bond  lengths  and  angles  have  been  deposited  with  the 
Crystallographic  Data  Centre,  Cambridge  University  Chemical 
Laboratory,  Cambridge  CB2  lEW,  U.K. 
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